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Abstract. We have analyzed 90 observations of the young pulsar B1509-58 made by RXTE over 7.6 years.
The pulse profile can be described as a combination of two systems. The first consists of two narrow components separated
by 0.14 period with an amplitude ratio of 10:3; the second consists of a single broader component. The two systems appear to

be shifting with respect to each other as a function of energy.

We have derived a single timing ephemeris on the basis of the X-ray observations, using terms up to the third derivative.
There is no indication that a fourth derivative is required. The resulting value of the first braking index is consistent with
that derived from radio observations, but the second braking index is twice its expected value. This casts some doubt on the

significance of the pulsar’s characteristic age (1700 years).

The phase residuals have been fit with sine components, resulting in an estimate of the proper motion (45£25 mas/yr at a
position angle of 45+45°) and of masses and orbital radii (ranging from 0.7 to 2 AU and 0.25 to 2.5 earth masses) of planetary

material - if that is the cause of these phase excursions.

INTRODUCTION

The young energetic pulsar PSR B1509-58 was initially
discoveredin X-rays (Seward & Harnden 1982) and sub-
sequently at radio frequencies. It has aperiod of 150 ms,
is extremely stable (no glitches over 20 years), exhibits
a fair amount of timing noise, and has a characteristic
age of 1700 yr. However, there is a discrepancy between
this age and the assumed age of the associated supernova
remnant, G320.4-1.2, which is commonly estimated at
104 yr. For more specifi cs, see Kaspi et al. (1994) and
Gaender et a. (2002).

ANALYSIS

All data have been processed with the program faseBin
(which forms the core of HEASARC's Ftool fasebin),
using only the top layer eventsin the energy range 2-16
keV, and applying RXTE fi ne clock correctionsresulting
in an absolute time accuracy < 8 ms.

We started out with the radio timing ephemeris pro-
vided by ATNF, based on JPL solar system ephemeris
DE200, but subsequently bootstrapped to a timing
ephemeris based on the RXTE data themselves, using
DEA405.

The analysis produced three products: a pulse profi le
template, a single timing ephemeris covering the entire
7.6 year period, and the phase residuals as a function of

time.

The pulse profi le template was developed in three
stages. The average profi le of the fi rst 10 observations
was used to determine the phases of the fi rst 60 obser-
vations through cross-correlation. The pulse profi les of
those observations were then shifted to provide a provi-
sional template which was used to determine the phases
of thefi rst 87 observations more accurately, leading to a
defi nitive template consisting of three Gaussians. From
there on, the phase has been defi ned as the phase of the
main component.

The timing ephemeris is derived by successive im-
provement, fi tting fourth order polynomialsto the phase
residuals.

PULSE PROFILE

The pulse profi le and a fi t consisting of three Gaussian
functionsisshownin Fig. 1. Thefi t parametersare given
in Table 1. The resultant reduced x? is 1.6.

A schematic interpretation of the pulse profi le is that
it consists of a pair of narrow components (1 and 3) and
awider component (2) that is responsible to the "hump"
ontheprofi le. The narrow componentsarevery similar in
width (FWHM 0.137), have a constant phase difference
(0.140), and a constant amplitude ratio (10:3). The wide
component has a FWHM of 0.334 and is roughly coin-
cident with the second narrow component, but appears
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FIGURE 1. Average pulse profile with three-Gaussian fit
(see Table 1)

to be moving toward earlier phases with respect to the
system of narrow components, as energy increases; that
changein (relative) phase appears proportional to E ~9-08,
The wide component contains 63% of the pulsed power.

The template used to fit individual observations has
fi xed dispersions of 0.0579 for components 1 and 3 and
0.141 for component 2; it forces components 2 and 3 to
be coincident in phase; and it sets the amplitude of com-
ponent 3 at 0.3 times the amplitude of component 1. The
resulting reduction in the number of free parameters en-
sures greater stability in the phase residual determina-
tion.

In the following the phase of the pulse profi le is de-
fi ned as the phase of component 1.

TIMING EPHEMERIS

Starting from the radio timing ephemeris provided by
ATNF, we have derived a timing ephemeris based on the
X-ray data alone by bootstrapping: phase residuals were
fit with a fourth order polynomial which incremented
the timing ephemeris which, in turn provided new phase
residuals. A quartic polynomial was suffi cient to fi t the
residuals; no fourth derivative was needed. The resulting
timing ephemerisis givenin Table 2.

It should be noted that the position is different from
the best available radio position (Gaendler et al. 1999) by
more than 30.

Thefi rst deceleration parameter (braking index) nisin
good agreement with theoretical expectation (n = 3) and
with earlier determinations (2.837). The second braking
index m is about twice what one would expect (m =
n(2n—1)). Livingstoneet al. (2003) analyzed 20 years of
radio timing data and derived m = 12.7, consistent with
n. It will require a careful analysis to reconcile the two
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FIGURE 2. Phase residuals as a function of time; see text
and Table 3 for fitted function

values since our data appear inconsistent with the low
third derivative presented by Livingstone et a. Thereis
the possibility that their result is distorted by changesin
the Dispersion Measure. Although thereis clear evidence
for such changesoccurring, it seemsunlikely that it could
lead to discrepancies of this magnitude.

Be that as it may, our result indicates a decreasing
magnetic fi eld and casts some doubt on the validity of in-
terpreting the characteristic age of the pulsar: it may well
besignifi cantly older than 1700 yr. It should be noted that
Gaendler et al. (1999) have questioned, on good grounds,
the 10,000 yr age estimate for SNR G320.4-01.2.

The book is not closed on thisissue.

PHASE RESIDUALS

The fi nal phase residuals have an amplitude of 0.05 pe-
riod, or 8 ms, and are presented in Fig. 2. We have fi t
these data with a constant offset term, a proper motion
function, and a collection of sinusoids. Thefi tisalso pre-
sented in Fig. 2 and has areduced x2 value of 1.07. The
constant offset is 0.30925+-0.00024, the proper motion
fi t 456+25 maglyr at aposition angle of 45+45. Thesine
component parameters are given in Table 3. Components
2 and 4 are the fi rst harmonics of components 1 and 3,
respectively.

We are well aware that such fi ts are a risky business.
Not only can in principle any function be fi tted with a
collection of sine components, but there is dangerous
interplay between long period sinusoids and the higher
order termsof the polynomial fi t of thetiming ephemeris.
Nevertheless, thereisclear periodic behavior in the phase
residuals and we feel comfortablethat we have identifi ed
the global minimum in parameter space.

The sinusoidal components could be interpreted as



FIGURE 3. Chandra image (uncorrected for exposure) of
PSR B1509-58. + marks the current position of the pulsar.
The black circle shows the position 2000 yr ago, indicating the
uncertainties of the fitted function. The white lines outline the
bounds of the proper motion path over the past 2000 yr

gravitational in origin - either planets or clumpsof gjecta.

Table 4 providesthe orbital elements and masses derived

under that assumption. We would clearly be dealing with

earth-like masses in earth-like orbits - except that they

are highly eccentric. It is also plausible that the motions
are caused by clumps of gjectamoving in unstable orbits
that are not closed - giving rise to quasi-periodic residu-

als. Component 6 in Table 3 could possibly be explained
as arising from Tkachenko (1966) oscillations. Thefi t to
the proper motion trandates into a transverse velocity of

1100 km/s in a plane normal to the spin. Though that is
unusual, it would be consistent with the kick mechanism
proposed by Colpi & Wasserman (2002). The proper mo-

tion geometry islaid out in Fig. 3.
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TABLE 1. Pulse profile fitting parameters

Component  Central Phase Dispersion  Amplitude
1 0.2996+0.0008 0.0576+0.0007 22.7340.29
2 0.44304+-0.0014 0.1418+0.0013  20.39+0.45
3 0.4407+0.0026  0.0596+0.0029  7.15+0.47
TABLE 2. Timing parameters for PSR B1509-58 (DE405)
Right Ascension (ICRS) 15113556405 +0.010
Declination(ICRS) —59°08'09.40" +0.08

Epoch (MJD)
Frequency

First derivative
Second derivative
Third derivative

n(2n—1)

50678.000001153
6.6240222193327108

—6.7302935510473 x 10711

1.943319533 x 10~ 21
—1.946814 x 10~31
First braking index n 2.8418

13.310

Second braking index m  28.02

UTC, geocenter
+4.4x 101151
+2.6 x 1071852
46.3x 107253
+2.1x 103354
40.0002

+0.001

+0.3

TABLE 3. Fitto phase residuals: sine components

Component Period (d) Amplitude (per.) Phase offset (d)
1 1258.6+11.3  0.03808 4-0.00054 112.74+8.8
2 629.3 0.01444 +0.00054 164.5+8.9
3 889.6+6.4  0.00907 +0.00037 84.4+19.1
4 444.8 0.00486 +0.00037 24.44+10.1
5 319.4+14.3  0.00183+0.00073 136.2+38.8
6 213.04+£2.0  0.00171+0.00034 14194111
7 167.7+£1.9  0.00102 +0.00033 51.0+13.5

TABLE 4. Planetary orbital elements and masses

Period (d) Radius(AU) Eccentricity ~Mass (Mg, -Sini )
1258.6 2.552 0.93 2.105
889.6 2.025 0.84 0.632
319.4 1.023 <0.9 0.252
213.0 0.781 < 0.9 0.309
167.7 0.666 0.216




